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Precision Measurements at a Hadron Collider

;‘ 80-5 | T T T T | T T T T | T T T T | T T . T | T T T "I | T T T ]
8 — [} 68% and 95% CL fit contours | miin Tevatron average = _
=, - w/o M,, and m, measurements 5 . 7
Who would have thought = . . N -
. = 4o 68% and 95% CL fit contours N
that when the H|ggs was L w/o M,,, m, and M,, measurements -
found the constraints on 80.4 [ world average = 1o ¥ , 7
Where is should be would - i)’ A
come mainly from the 80.35 - " g 7
Tevatron! - ]
80.3 — =
80.25 |— : ]
We also measure masses - , e fitter [sf? -
. . . . 1 1 1 1 1 1 1 1 '1‘ 1 1 1 P"l I 1 1 | 1 1 1 1 | 1 1 1 1 B

and I|fet|.me.s and mixing 140 150 160 170 180 190 200
with a fair bit of precision m, [GeV]
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The W Boson Mass Measurement

Mass of the W Boson Started with 80.0 +3.3 (CDF 1988)
Measurement My [MeV] Not competitive w UA1, UA2 then
CDF-0/l o 80432 + 79 - =
s & a6ATR L 83 ‘ I:r\:?;ggrprogress as seen by Mark
D-Il com) . 80402 + 43
CDF-ll 22w o 80387 + 19 806~
DOl wsw —e- 80369 + 26 [
Tevatron Run-0/I/ -o- 80387 + 16 %‘80.5:— | nem
LEP-2 —o— 80376 + 33 3 "
World Average -0- 80385+ 15 Eggo 4 ! } °“’”'+ C;r)o
| ?
5 80.3:—
80200 80400 80600 }
My, [MeV] March2012 802505 e 2015

DO: PRL 108 (2012) 151804 CDF: PRL 108 (2012) 151803
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W mass: room for improvement?

x4/x2 data available for CDF/DO

Technical tour de force

Precise scale from Z and whatever else you have v/
Empirical recoil scale from Z events ¢/

Fast simulation to study subtle systematics v/
Need to understand what is in and what is out ¢/
(of lepton energy)

World average now 15 MeV

So far the new precise measurements were
announced in PRL, not really published ©

Prediction (meaning) of W mass is at +5 MeV
Current theory measurement systematics:
+10 MeV PDF, +4 MeV QED (yay HORACE)
Use forward electrons (DO strategy)?
Constraints on PDFs from LHC data?
Critical mass of effort on Tevatron data??
Very daunting at LHC!
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The Top Quark Mass (GeV) w @

Many generations of
measurements in all modes

174 'I_']_O +13 '12 (1994 CDF) Lepton+jets Runll CDF HOH 173.00 = 0.65 + 1.06 GeV
Lepton+jets Runll D@ HoH 174.94 + 0.83 = 1.24 GeV
Lepton+jets Runl CDF © 1761 = 51 * 53 GeV
173.2 +0.6 £0.8 now Leptontjets Run| D@ —+—o—+ 1801 + 36 39 GeV
Alljets Run il CDF H-OHH 17247 * 1.43 + 1.40 GeV
(Tev comb.)
Alljets Runl CDF H © ++ 186.0 *10.0 * 57 GeV
Dileptons Run Il CDF 170.28 + 1.95 + 3.13 GeV
Dileptons Runll D@ H=—0—H 174.00 + 2.36 + 1.44 GeV
Channels agree
Dileptons Runl CDF © 167.4 *103 * 49 GeV
Dileptons Runl D@ H © H 168.4 *123 *+ 3.6 GeV
ET+jets Run il CDF kt i 172.32 + 1.80 + 1.82 GeV
LHC Decay length Run Il CDF © 166.90 * 9.00 + 2.82 GeV
9 1 1 Tevat Combination 2012 HOH 173.18 + 0.56 + 0.75 GeV
statistics better, systematlcs evatron mombination ¢
. X’ I dof=8.3/11
coming along,

160 170 180 190

value agrees, how dull, already Mass of the Top Quark [GeV]

passed us by in +/- ratio ...
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Top Mass Systematics

CDF II Preliminary 8.7 fb~!

Systematic AMiop (GeV/c?)
Am(t) ~ 1 GeV I?! b o
Can you do that? PDFs 0.2
b jet energy 0.2
Background 0.2
gg fraction 0.3
Overall systematic of ~+0.6 Radiation 0.3
from “signal modeling” — Trigger simulation 0.1
oerhaps contains “just what are Multlplle Hfa{dron Interaction 0.2
) ) Color Reconnection 0.3
we measuring, anyway” of Calibration 0.2
> Nocp or m(m) Total Effect 0.9

Combination:

Sample systematics table from the
Phys. Rev. D 86, 092003 (2012)

template CDF lepton + jets measurement

Miami 2012
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Top Width measurement too

Tagged

CDF: direct (preliminary) ; |
Fix mass, float width in m ., fit T T =190V

0061 — Ty = 5.0 GeV
Mtop) = 2.21 +1.81 -1.11 GeV Ty =10.0 GeV
DO: indireCt ?Oi) — ‘15‘)0 — ‘2(‘)0 — ‘250 = 3(;0 350
[(t=»Wb) t channel single top e
BR(t=>»WB) from top pairs Width variation templates

[(top) = 2.00 +0.47 -0.43 GeV

PRD 85 (2012) 091104R Yes indeed, top is a quark but
not a constituent!
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Top pairs as a place to do bump hunting

The top quark is the heaviest particle so far, perhaps it is connected to new stuff.
Lots of models (eg. Z’) of new physics predict resonances which decay to top
pairs. We no longer hold the high ground but we do cover the low end with
semileptonic top pairs (CDF full sample) arxiv:1211.5363

07 L) I T T L) T l T T L} T ] T T 1) / ) // l
) ' CMS (4.4-5.0 fb") arXiv:1209.4397 [hep-ex

0.6

——— CDF Run Il Preliminary (9.45 ')

/ / / CMS higher sensitivity

0.5

0.4
0.3

95% CL Limit/ &, B(Z'> tf)

0.2

0.1
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Fun with Top in proton antiproton collisions

Ars

Naive expectation: annihilation or gluon production are symmetric, Z’s could make interest!
Look, find, but wait interference at NLO (with EWK enhancement), should be asymmetric!

A, of the Top Quark
[ V. Ahrens et. al., July 2011
arXiv:1106.6051v1 (2011)
(** submitted to a journal)
1 W. Hollik and D. Pagani, L
arXiv:1107.2606 (2011) (* preliminary)
CDF LJ —— 0.158 = 0.074 (:0.0720.017)
(531"
0.420 = 0.158 (+0.150 = 0.050)
(5.117)
CDF combined* —@®— 0.201+0.067 (:0.065 = 0.018)
(= stat = syst)
DO LJ** —@— 0.196= 0.060 "5 %%
(5417
l l l l l
-0.4 -0.2 -0 0.2 0.4 0.6
At

0.8

Born Box
! I
g N\
! SR
Tevatrony top
anti-top
>
Y

Cross section fine, A too high, variation with
kinematics seems as predicted but scaled up

LHC A is different, qg initial
state makes forward top



Top Ar;: “A Fine Mystery”*

* R. Demina, HCP

Some new physics interpretations are possible

0.1 ] ] L) L) l L] ] 1 L ' L) ] L] L) l T ] ] L] l L] L]
But perhaps “SM” needs more

work — it is “leading order in the
effect” and electroweak
corrections enhance this much a
lot (~¥30%). An excellent field
for demonstrating higher order
QCD (&EWK) tools! Unlike Tev,
at LHC the measurements will
also improve!

0.05

008f /AN .

ol - .ol{ o .0121 -~ .013' - L014* L ‘05 Brodsky arxiv:1205.1232 thinks scale
: . A . . ’ setting makes it go away but Mangano* at
FB

HCP was not buying

Miami 2012 * Thanks for all the stuff | stole
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Single Top at the Tevatron

Tiny cross sections, MVA demonstration project
Can do s & t channel unlike LHC does t and Wt (and may eventually do s)
Can derive limits on couplings SM does fine

= W+Jets, NN Discriminant CDF Il Preliminary 7.5 fb'

g D@ 5.4 fb ! g ° ® CDF Data
= 68% C.L. = gi=1 49+(l.47 )b BN 68.3% CL
2 = 90% C.L. S 4F = 1% 0P mmessucL
@ wn 3 Il SM(NNNLO)
o 7
S 2
° o
e 2 3 2 - 14
8 Measurement g 0; = 10 (58
? 1] PRD 74: 114012, 2006 SMm e
o= {2} EPJ C49: 791, 2007 & Four generationsm ‘8 1
| [ PRLow: 191802 2007 O Top-ﬂa‘vorm -
’ "'FCNcll YR W W WA W W N NN N YN UNN NN RN SN U W U U N U S W'
o 2 a4 ' % 1 2 3 4 5
s-channel cross section [pb] s-channel Cross Section [pb]
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Testing the new QCD tools with V+jets 2 , .

@ New CPF Run i Prelminary

- ~©- DO dam PHELIMINARY, 3.5 10, Wi—» o) {01548
3 B NLO Bacahat+Sherpn £33 HE)
3
b

@ New

-9 Sherps 1.4.0

- : 2 ;
3 3 — ALPGENPYTHIA 20'4 - D l- 954D
£ Motcheca, Tone P01 [T] Systematic uncerainties
E 2. FAe - o7 vasations

Lose a mystery!? 1 == s it

25 POWHEG.PYTHIA |0
2 Tume 2m
Wb NEW DO z o zora
. s e e,

arxiv:1210.0627 o SR ;

< MCFM, MadGraph £ e e —

Unlike s L — MNLO LOOPSIMMEIY

5 1.2}~ — nomceM

CDF PRL 104 131801 g v CDF Z+jets

was x2 high = 0. 777

( gh) g 2 ~ @ Full Run || dataset

S 155 s 1 : A
g 1 g} — NLOBACKAT . SHERPA
£ 08 — O SHERPA (r0 $hOwer)
2 2 u-i\a:.u-u:“ﬂo
ALPGEN, POWHEG, 5 : '
LOOPSIM, BLACKHAT etc. § J b
= 0.
1
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RGE Free Running o beyond LEP

Jet distributions depend on RGEs built in to PDFs, somewhat impure for
demonstrating the running coupling — DO uses multijet event shape ala LEP!

0.08
s 0.14

2 012

Miami 2012

® DO R, (this analysis)
0 D@ incl. jets
& ALEPH ewt. shp.

¢

i (a)

— D@ preliminary
+0 0048

: E “S(MZ)-0'1191 -0 0071
— (DO comblined ftto R, data)

= (b) A

i) PR I LT M e AN | 1 1
50 100 200 400

Mg (GeV)

Confirms RGE predictions extending
from LEP (208) to 400 GeV

13



Isolated yy a test of new QCD tools

Note that SHERPA and
NNLO calculations get
the fragmentation
bump in the p;
spectrum due to
fragmentation and
NNLO even describes
the narrow angle
region

Miami 2012

3 CDFIIDlphotorI\SSIb ERAREEEREEEEEEEEsmLS:
= 10L-Er>15.17 GeV, hl<1.0, e Data .
& A R>0.4, Iso<? GeV o NNLO E
- . Pminlnly
z i
S 15

- A
o
o
Ew‘

102

103}

10*

10-50 20 40 60 80 100 120 140 160 180 200

1Y Py (GeV/c)

S heaae L
£ [ Er>15,17 GeV, hi<1.0, e Data
8 [ aAR04,Is0<2Gev NNLO
b Preliminary
5102: —— MCFM =
3 3
-]
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Tuning tools: Z p;

1 0 - = - UA2, Z.Phys. C30 (1986) 1 WAL 1282;1;8"1;
= > ik <p}>= 5.4410 GeV/c
— — ] —— Altarelli et al.
o — o~
; 1 E_ éfx 4 2% with jet (s) -
8 - § £ 5 GeV
~ 10-1 = 2 i
g- -2 : 10 20 30 I.IO 50
~ 10 = b (GeV/o)
- =
%] 3l We’ve come a long way!
> 107 € PRD 86 (2012) 052010 —
< 10° f_ CDF Run II L=2.1 8 |
- Apparently the DO
10-5 B 1 IFEIWIZ%: IBaIrSI 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 novel technique Of
0 50 100 150 200 250 300 350 PRL 106 (2011)
e*e Pair P; (GeV/c) 012007 has not gone
viral

High p; is the new usual suspects, low p; is resumation (RESBOS)

Miami 2012
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Tuning Semi-empirical Tools

Pseudo-Rapidity Distribution: dN/dn(n=0)
2.0
TRDF Preliminary CDF black dots
[ Corrected Data CMS red squares -
345 - Tupezy ...
1S
=}
4
(0]
&
210
At least 1 charged particle
| Charged Particles (|n|<0.8, PT>1.0 GeV/c)
0.5 1 - | ettt
0.1 1.0 10.0
Center-of-Mass Energy (GeV)

RDF = Rick Field = both CMS and CDF

Rick Field & co. are engaged in a comprehensive program using CDF scan data
taken shortly before shutdown as well as CMS data to try to understand and
simulate underlying event and minimum bias physics

Miami 2012
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Ratio to NLO

y + charm

CDF Run Il Preliminary

:_ DO, L = 8.7 f5' o g : —}— y+c+X (stat.+sys. errors) :
6 - ly'l<1.0 2| 5 E -eeeeee Scale uncertainty E
- jet jet E =
sl ly*®'l<1.5, pJT >15 GeV It E g 3 E
C © 2
C L Q _
4 - ° i) 3
C ? <L 25 . PYTHIA/SHERPA E
- l & o PYTHIA (g— c€x2)/SHERPA E
3 | w ot Z
g | 3 s Cf :
ol L T 1 O ] 1Fes - — :
- . o s T TPV e FEE :
B | A Bo---mmmmm e a 0.5 B T oI TR -
ST o e— _
1 e Eé’@'%"@"'9--------------.-......_._ ........................................ .|g 2_: -------- Scale uncertainty E
B ® Data/NLO = =----- Scale uncertainty : 15 ... E
o O SHERPA /NLO PDF uncertainty % FOTEE e S N
- O PYTHIA/NLO Sea-like IC/CTEQ 8 1 —_ | e
C ol kr Ifact./ NLO | - BHPS IC/CTEQ 8 0.5 E
-1 — 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 0 50 100 150 200 2%0 300
Arxiv:1210.5033 p.. (GeV) E; (GeV)
%10° CDF Run Il Preliminary
. ey . .%.- o ata, L=9.1 fb™!
Fit vertex mass for flavor composition, unlike s :ﬁé’hi.‘,-’e,‘ Lee
w c-jet
. 6 e
W+b, here CDF looks more as expected: ol D v eorgruna |
attempting to resolve! Need to enhance gsplit? ol 404150 GeV
ol
n
Miami 2012 0
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Legacy in B Physics: Precedents

There are a lot — these are examples:

" 002

ITIYIT

¢ Standard Model ] po
— 68%CL : j DF
==" 95%CL i =

o
=

] LHCb

o
(N

Ol \PS ')
o
o

=
E-N

P | L P

8fb
) th

LHChb 0.3fb

1!

......

-2 -1 0 1
¢SJ/W¢’ (rad)

N
W T TI] LA A lr}:lJ—lllITIIT]TIT IITIII
. '. ll'
' g, P
' S e ?
¢ v
’ ¢
’ ’
P
"
¢
.
.
.
. i
’
s .
.
i .
’
N '
i '
'
'
s “ >
. J
i s N
. ..
w A Aidd

This was much more interesting back

when both CDF & DO were off left

Miami 2012

0

'0 502

68% and 95% C.L. regions
are obtained from

-0.04 [ (he measurements with

1P selections

20.04 0.2 0 0.02

3.9 0 muon asymmetry
reduced broken down d & s,
add LHCb etc Ad/As =29 ¢
(hmmm)
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Legacy B Physics: Lots of PDG entries!

PSR /) =2 B L B B B AL B B
3 22F CDF Run Il Preliminary
= 20F L~10.0 fb"
| © 18f
Many new particle S 16f |
entries: an example g 14c f
@© C o=
the A, = 135 :
C . ]
m=5919.5 +0.4 £1.7 MeV S sE- &
(confirming LHCb) 6F il =
°F l :
= I =
of ] | ][4/ .. l 3
0 iy AR R ST AR 0 P NS SRS S BRI N =
0.01 0.02 003 004 005 0.06 o0.07
- s Q. (AL —Al.n?) [GeVic
A highlight of the Tevatron Soog el ) [Gevic]
. .. o 2 CDF Run Il L=1.0fb
Run " program IS BS m|X|ng g1 5§ ~ dataz1c A 95%CLlmit  17.2ps’
. . %_ D 16450 O sensitivity 1.3 ps” A
Nice of LHCb to confirm! ] AP P fLaga A
The program continues o5t |
op
-05F \f
1
s A
20 596 15 20 25 30 3
Miami 2012 Am, [ps’]
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Some HF results are quite topical!

T | T T T | T
AA, CDF
— AA, BABAR']
Il AA p Belle |
B A, LHCD
WA BABAR
i AF Belle
/A, LHCb

XN
&&&\\\

[%]

No CP violation
P-value = 8.04x10°

dir
CP

\

nNinne
& &\ AN\

AAY
N
|
SN

I,

S

Nl
Nl

.

I

7
/)
i

CP violation in D decay?

Not supposed to!

Well “hardly ever?” s -

AN
2-dim 68.27% CL ik
D 2-dim 95.45% CL it
............. 2-dim 99.73% CL -
—eo— 1-dim 68.27% CL -

-2

Miami 2012
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Some concluding thoughts

The Tevatron experiments have gone beyond any expectations in making precise
measurements providing important EWK constraints — Yes perhaps that thing at 125
GeV is the SM Higgs

The baton for not finding SUSY (etc.) has been passed

The top quark has been central to the Tevatron program and some of our
measurements are of continuing interest, others are better at LHC - 6m(t) < 1 GeV

Our QCD data is a good testbed for the improving pQCD calculation tools

Lots of B (&D) physics measurements, precedents (eg. Si tracking and triggering), PDG
entries, challenges for LHCb and the heavy flavor community, Lattice QCD helps

Still some good physics to do with 10 fb'! @ 2 TeV charge symmetric collisions but will
need critical mass

For more see http://www-d0.fnal.gov/results/index.html
and http://www-cdf.fnal.gov/physics/physics.html

Thank you!

Miami 2012
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